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Self-heating in coal has been studied for well over one
hundred years, yet there is no accurate or reliable method
for predicting the potential of certain coals to undergo
self-heating. Fires caused by self-heating, and eventually
spontaneous combustion, have occurred in the high wall of
surface mines, in underground mines, in coal stockpiles, and
on trains, barges and ships. Self-heating in coal is
brought about through a complex interplay of conditions
depending on the specific properties of the coal as well as
many external factors involved in the mining and handling of
coal.
In a study supported by the United States Department of
Transportation and monitored by the United States Coast
Guard, data on over 2000 barges of coal was incorporated
into a data bank. Results from the evaluation of these data
and from a barging study, in whici, a research crew accom-
panied a tow of barges from western Kentucky to the New
Orleans area, were used to make recommendations to minimize
self-heating in barged coal.
An inexpensive adiabatic calorimeter (accelerating rate
calorimeter) was constructed and used to obtain supporting
laboratory data on coal samples collected in the barging
study. There is very good agreement between the results
obtained with the calorimeter concerning the reactivity of
coals and susceptibility of the coals to undergo self-
heating as would be predicted using chemical and physical
data from the data bank.
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I. INTRODUCTION
A serious problem affecting the mining, transportation
and storage of coals, especially low-rank coals, is "self-
heating" or "spontaneous heating." As a report by the Gulf
Science and Technology Division of the Gulf Oil Company
indicates, self-heating is a process which results in an
increase in temperature of a thermally-isolated mass of
coal. This phenomenon is caused by the heat-generating
chemical reactions between tne oxidant (oxygen) and fuel
(coal). If generated heat is removed and absorbed by the
surrounding environment we have only 3pontaneous heating,
but if nothing is done to change the condition of the coal
undergoing a self-heating process, then spontaneous com-
bustion will eventually occur.
(1)
In the last 10-20 years the demand for coal as a source
of energy has increased, due to the shortage of oil and the
increased demand for energy. Several million tons of U.S.
coals are exported from the port of New Orleans each year,
and the vast majority of this coal is delivered to this port
from the interior states via barge. The increased demand
for more coal has forced the use of large amounts of poorer
quality and lower rank coals by the coal industry. The use
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of poorer quality coals has increased the problem of coal
self-heating, a problem which has been with the industry
from the beginning. The self-heating problem was not taken
seriously until 1980-83 when the greatest number of
incidents of self-heating occurred at the port of New
Orleans.
The self-heating of coal pr3blem became such a serious
matter that the Protection and Indemnity Clubs which insure
ocean going vessels were forced to apply some restrictions
on coals which exhibit self-heating during the delivery to
New Orleans. coal arriving in New Orleans with tempera-
tures nigher than 105°F may not be loaded onto an ocean
going vessel. As a consequence, coal companies must pay to
have the coal "cooled," an expense amounting to thousands of
dollars.
Coal self-heating has been studied for well over one
hundred years by many investigators around the world, yet
there is no accurate or reliable method for predicting the
potential of various coals to self-heat. Due to the
seriousness of the problem in recent years several national
and international organizations have formed committees to
study the matter.
In this study, which was supported by the U.S.
Department of Transportation (USDOT) and monitored by the
Coast Guard, data on hundreds of barges of coal were
incorporated into a data bank. Results from the evaluation
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of these data and from a barging study, in which a research
crew accompanied a tow of barges from Western Kentucky to
the New Orleans area, will be used to make recommendations
to minimize coal's self-heating problem during handling and
transportation, especially barged coal. In our investi-
gation, in addition to the barging experiments, we also have
used several different laboratory methods to study coal
self-heating. These methods include coal analysis,
extraction tests, and adiabatic test methods which are some
of the more promising laboratory methods for predicting a
coal's susceptibility to self-heat.
A laboratory instrument that has been used by
researchers to study the self-heating potential of coals is
an adiabatic calorimeter, or an "accelerating rate
calorimeter." Commercially available accelerating rate
calorjmeters are quite expensive and beyond the means of
most laboratories. In this study an inexpensive
accelerating rate calorimeter was constructed and used.
This work presents a thorough review of the literature
on the self-heating problem of coal and methods of pre-
dicting a coal's susceptibility to undergo self-heating.
Information on the factors contributing to self-heating and
the degree of their contributions 15 given. A discussion of
laboratory tests and methods that have been proposed for




Coal self-heating is not a new phenomenon as many
people think; it is as old as the coal industry itself and
can be traced back to the seventeenth century. As a 1978
U.S. Department of Energy report indicates, "At that time,
and for two centuries later, it was believed that pyrites
was the principal cause of spontaneous combustion." The
report also stated that the problem has been under
preventative research for well over one hundred years by
European scientists and their Soviet counterparts,
especially during the years from 1900-1940. The first
fundamental work on the subject was completed by Richters of
Germany, who published three papers related to the problem
between '868-1870. Winmill and Graham conducted "the most
systematic research" on the subject during the early 1900's
in a laboratory specially equipped by the UK Coal Owners'
Association. "Their most important discovery was the link
between the presence of carbon monoxide, particularly when
in association with a deficiency of oxygen, and the initial
stages of spontaneous combustion."
(2)
Although many papers were written and much work was
done on the subject by scientists, little was done to solve
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the problem by the industry itself until the last decade,
when energy from coal took on a world-wide interest due to
the shortage of energy from premium fuels. Despite its long
history, the problem still exists and has not been solved.
Coal mines, coal piles, and coal barges still catch fire and
burn due to the self-heating phenomenon.
A report by the U.S. Department of the Interior in
1980, states that, "Statistics show that France and Great
Britain each average about seven to eight cases of
spontaneous combustion in coal mines each year. In the
United States the incidence rate is somewhat lower, even
though the number of mines is much greater." )
Shipping problems also have been reported. The Journal
of Coal Quality in 1982 reported that "one company
investigated over 18 instances of ships in trouble with 'hot
coal,' three of which had their cargo on fire and the
remainder experiencing heating problems." It was this kind
of problem which forced international insurance companies to
place some temperature related restrictions on coals which
are loaded on ocean-going vessels, in order to protect
themselves.
(6)
There have been several reports of self-heating on coal
piles and coal storage areaz as well. A report based on a
study conducted by the 'Southern Coal Company, Inc.'
suggests that there is considerable evidence indicating that
the majority of fires in coal piles or coal storage areas
6
occurs during the first three months, but after the 12th
week, the number of fires in coal piles/storages decreases
greatly.(7)
P. Factors Contributing to the Coal Self-Heating Problem
Although oxidation is the main process of self-heating,
there are several other factors which increase the rate of




Each of these categories can be divided into several
individual factors.
1. Internal Factors
These factors, which are often referred to as
intrinsic coal properties, are the factors related to the
coal matrix itself. At the top of this category we can
place the coal reactivity (oxidation). The remaining
factors in this category are heat of wetting, moisture
content, pyrite content, coal type (petrographic
composition), coal rank, particle size (exposed surface
area), porosity, freshness of surface, thermal conductivity,
and ash content.
Coal Reactivity (Oxidation). Any study on coal self-
heating would not be complete and accurate without a close
look at the coal oxidation process. This exothermic
reaction, by producing approximately 94 kcal/mol of heat,
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reduces the calorific value of the coal significantly, if it
does not cause a fire and burn it al1.(2'4
Oxidation in coal starts as soon as the coal is mined
and comes into contact with the atmosphere. The major
reaction when coal burns in air is
carbon + oxygen ----> carbon dioxide + heat.
The generated heat is approximately 3-4 calories per
cubit centimeter of oxygen absorbed. The reaction
temperature is in the range of approximately 15-30°C (60-
85°F), and the rate of oxidation approximately doubles for
every 10°C (15°F) increase in the reaction temperature from
50-750C (125-170°F).(1'4)
The stable coal-oxygen complex forms at the low
temperature of approximately 80°C (175°F), by
coal + oxygen ----> ccal-oxygen + heat.
At a temperature greater than 80°C (175°F), the rate of
oxygen absorption increases, which increases the oxidation
rate. It is at this time that the coal-oxygen complex
breaks down and releases a greater amount of heat.
(4)
coal-oxygen complex ----> CO
2 + CO + H20 + much heat.
Continuation of this process increases the temperature
-apidly, thereby leading to a greater amount of carbon
monoxide, carbon dioxide and heat to be liberated. This
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process goes on until the temperature reaches approximately
230°C (450°F) and spontaneous combustion occurs, which
usually happen:3 within 72 hours after the coal-oxygen
complex is formed. Coal ignites and burns vigorously at
350°C (650oF).(1)
lieat of Wetting. The bed moisture of coal is defined
as the level of moisture when all surface moisture is gone,
leaving only the coal's own moisture. If a coal which is
dried below its bed moisture is placed in a more humid
environment it will regain the lost moisture. This process
of gaining lost moisture generates heat. At low tempera-
tures, below 80°C (1750F), this heat is greater than the
heat of oxidation and is called heat of wetting. This heat
has the greatest contribution in the self-heating of low
rank coals and the formation of coal-oxygen complexes in
these coals. A report by the U.S. Department of Energy in
1978 suggested that "The heat of wetting can be assumed to
be about 1 cal/10 cm2 of internal surface area of a
carbonaceous solid."(2)
1",oisture Content. The moisture content of the coal, or
more clearly, the change in moisture content, makes the coal
more susceptible to self-heating. Since coal molecules can
chemically bond, physically absorb or mechanically mix with
water molecules, any change in the environment's humidity
during piling, storage or shipping of coal can and will
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affect a coal's susceptibility to self-heating. Changes in
humidity can lead to the drying (loss of moisture) of coal
which is chemically an endothermic reaction that tends to
cool down the coal masses and exposes more oxidation sites
as well. But on the other hand, the wetting (gaining of
moisture) of coal is chemically an exothermic process, which
linerates heat. Now if this heat is not removed from the
coal mass, it may be sufficient to start tile first stage of
self-heating. A mentioned earlier, at low temperatures,
below 80°C (175°F), this heat (heat of wetting) is greater
than the heat of oxidation.(1'2)
The mechanism of this process is not yet clearly
understood, but some thought has been given to condensation
and chemisorption effects. The chemisorption effect is
defined as the chemical reaction of liquid or as on the
surface. The reaction between a dried coal and water
molecules, moisture, can be considered a chemisorption
(4)
reaction.
Dry coal + Moisture ----> Wet coal + heat
Condensation of water vapor into liquid at a constant
temperature is a heat producing process. For water, this
heat, which is called 'heat of condensation,' is about 540
kcal/kg (970 Btu/lb).(4)
Since the bed moisture of coal is rank dependent (20-35
percent for ignite, 10-25 percent for subbituminous, and 1-
10 percent for bituminous coals) the loss and gain of bed
10
moisture is more likely to happen in lower rank coals due to
their higher porosity and capacity to retain moisture.
(4)
Pyrite Content. Oxidation of pyrite, pyrrhotite,
marcasite, and other inorganic sulfides are also exothermic
processes. Therefore, the heat generated by their oxidation
may increase the susceptibility of the coal to self-
(4)
heating.' "
2 FeS2 + 7 0 + 2 H20 ----> 2 H2SO4 + 2 FeS04 + 62,300 cal
Since the pyrite content is low in most coals, the heat
generated by the above reaction is not very important most
of the time. However, in some low rank coals which have
more than two percent pyritic sulfur, this reaction becomes
(4)
an important factor. When iron sulfides weather, they
swell which may cause the coal to disintegrate, thus,
assisting the oxygen diffusion and increasing the coal self-
heating susceptibility.(1)
Coal Type. A series of controlled oxidation-rate tests
on petrographic constituents of coal, macerals and
lithotypes, by the National Cargo Bureau (NCB) has shown
that, these constituents have different susceptibilities to
self-heating. In macerals, self-heating potential decreases
as we go from exinites (hydrogen rich) and vitrinites
(oxygen rich) to inertinites (carbon rich). In lithotypes
the order is from vitrain, clarain and durain, to fusain.
•
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It is believed that these trends may be due to one or all of
the following variations in the petrographic
constituents: 
(1)
a. Variation in the chemistry of the component
b. Variation in toe permeability
c. Variation in the inherent surface area
Coal Rank. It is generally agreed that coal self-
heating is a rank related phenomenon. Coals are classified
according to their rank by the American Society for Testing
and Materials (ASTM) on the basis of their percent of fixed
carbon, percent of volatile matter, calorific value, and
agglomerating character.
(4)
The tendency of coal toward self-heating decreases as
the coal rank increases. Thus, according to the ASTM
classification, self-heating decreases as we go from lignite
(lowest rank coal), subbituminous and bituminous, to
anthracite (highest rank coal). It is believed that this
trend in reactivity is due to the increase in bed moisture
and oxygen content of the lower rank coals, as well as their
high internal surface area. The greater the internal
surface area and permeation to air in low rank coals, the
greater their chance of oxidation and, hence, their
(1 2)
susceptibility to self-heating increases. '
Particle Size. Coal oxidation is primarily a surface
phenomenon. Thus, for a given mass of coal, the smaller the
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coal particles, the larger the exposed surface area. More
exposed surface area leads to a greater chance of coal
oxidation, which increases a coal's susceptibility to self-
heating. The friability of low rank coals results in more
size reduction in them during mining or handling, thus
(4)making them more susceptible to 
self-heating.1,2, 
A broken coal, ether through crushing or handling,
exposes a new surface area for further oxidation. It also
increases the rate of methane desorption, which while in the
coal structure may prevent the penetration of oxygen into
the internal structure of the coal, thereby preventing the
coal oxidation.
(1)
A report by the Gulf Science and Technology Division of
the Gulf C1 Company regarding the effect of surface area on
the self-heating rate indicates that "The rate of heating
has been found to be approximately proportional to the cube
root of the external surface area."
(1)
Porosity. The moisture content of coal is normally
considered a measure of its porosity, since there is a
direct relation between the porosity and availability of the
surface area in coal and its ability to retain moisture.
The more porous coals have a greater chance to self-heat.
The porosity varies considerably in coals, even in coals of
the same rank. The average value increases from 3 percent
to 20 percent as the carbon decreases from 87 percent to 80
(1)percent.
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Freshness of Surfaces. Interpretation of the results
of a laboratory experiment (detecting the rate of carbon
monoxide produced by a freshly crushed coal sample at
constant temperature) and experiences in coal mines
(comparing carbon monoxide produced during a standard work
week and vacation periods) indicate that coals with "fresh"
surfaces tend to be more reactive to oxidation and, hence,




 According to 3 report by the Gulf Science and
Technology Company, there is some evidence indicating that,
"if the temperature of the coal rises from 450C to 50°C
(110°F to 120°F) and then cools, the coal is unlikely to
reheat as its initial capacity with oxygen has been
satisfied."
(1)
Thermal Conductivity. It is believed that the thermal
conductivity, a measure of heat transfer over unit area for
unit temperature gradient, has an inverse effect on coal
self-heating. Under the same conditions, coals with low
thermal conductivity are more susceptible to self-heat than
coals with high thermal conductivity. There is a more
gradual elevation of temperature in coals. Coals with low
thermal conductivity.
(2)
Ash  Content. Coals with low ash content tend to be
more susceptible to self-heat than those with high ash
content. On the basis of a study by U.S. Bureau of Mines
114
investigators in 1945, it has been reported that "a given
washed coal has a greater tendency to heat spontaneously
than does the run-of-mine coal. However, if the run-of-mine
coal consists of excessive fines, they will tend to hinder




Even though the factors in this category are not
related to the coal matrix at all, they are important in
affecting the susceptibility of coal self-heating. In this
categcry we can name temperature, air flow rate, environ-
Tental conditions, mining practices, and geological factors.
Temperature.. There is a direct relation between the
temperature and coal susceptibility to self-heating. As the
temperature increases, the rate of coal oxidation and the
rate of the coal-oxygen complex formation also increases.
This in turn increases the coal susceptibility to self-
heating.")
At low temperatures, approximately 50-70°C (125-170°F),
the oxidation rate doubles for every 10°C (150F) increase in
temperature. This rate is even greater at higher tempera-
tures. Temperature increase is particularly important where
the heat generated by the coal oxidation
accumulates. This accumulation of heat accelerates the
oxidation rate further.(1'2)
Air.Flow_Tate. The air flow rate is the most complex
factor to be considered in coal's susceptibility to self-
heating. As we know, coal oxidation is the most important
process in self-heating; thus air availability to the coal
is essential for this reaction to take place. On the other
hand, air flow can remove the heat generated by the coal
oxidation and cool it down.
The best air flow condition is when it is weak enough
to keep the coal at minimum level of oxidation and strong
enough to remove the generated heat from the coal, thus
keeping the coal at a constant temperature.(1'5)
Environmental canlitions. The susceptibility to self-
heating of coal which has been dried below its bed moisture
increases if it experiences a humid environment or sudden
downpours of rain. Wetting a dry coal generates heat which
may initiate self-heating.
High humidities make it extremely difficult to remove
the generated heat from coal stockpiles on one hand, but on
( 4)the other hand prevents the coal from excessive drying.
1 
'
Mininz Practices. Accumulation of fine coal particles
and a change in the ventilation system are the two major
factors of coal self-heating in mining, particularly in
underground mining. Self-heating has been experienced in
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the coal mines by the miners at the areas where the fire
coals accumulate, especially at the gob areas. It is
believed that self-heating is due to the large surfaces of
freshly mined coal available for the coal oxidation
reaction. Any change in the ventilation system, either
intentional or accidental, may bring moist air into contact
with the dry coal or cause air leakaye, hence increasing the
chance of self-heating. ('5'6)
Geological Factors. Air and water, by gaining access
into the coal seam from the surface, are the two most
important geological factors of coal self-heating in the
coal seams. The presence of faults in a coal seam allows
the air and water to migrate into the seam causing self-
heating.
()
Although all the above mentioned factors affect the
coal self-heating in one way or another, coal reactivity
(oxidation), coal rank and moisture content (which are
directly related to the coal oxidation) are apparently the
three most important factors. The degree of importance of
the remaining factors has not been clearly determined.
C. Hazar.5 pf.5elf-Heatin4
The hazards caused by the coal self-heating problem can
be outlined as the following:
a. Self-heating will eventually lead to spontaneous
combustion.
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b. Carbon dioxide and carbon monoxide produced during
the coal self-heating process can jeopardize the
lives of men working around the coal.
c. Loss of a substantial amount of the coal's calorific
value (thus monetary value) during the oxidation
reaction.
Even though spontaneous combustion is not as common as
spontaneous heating, it still may occur after self-heating
starts, if nothing is done to stop it. Thus it may become
extremely dangerous when a coal experiences self-heating on
an ocean-going vessel, where there are fewer choices of
combatting it.
(4)
Even if spontaneous combustion does not occur, the
gases produced (CO and C07) can pose extreme danger to the
men working in confined spaces near self-heating coal. In
open areas these gases (CO and CO2) hold little danger as
both can easily be dispersed into the atmosphere. But one
should always be careful around these gases in closed areas
such as tunnels, pits, bunkers, etc.
A long-term study of coal character in storage
indicates that there is an inverse relationship between the
coal rank and loss of calorific value. As the rank of the
coal increases, the tendency to lose its calorific value
decreases. This decrease is due to the lower tendency of
higher rank coals to self-heat. The calorific value begins
to decrease
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as the coal takes in oxygen and loses hydrogen during the
(4)
oxidation process.
D. Det&Llion  and Msmitpring_of Seif-Healdn 
The need for an early detection of coal's
susceptibility to self-heating, especially in coal mines, is
receiving increased attention today in most of the coal-
producing countries cf the world. The early detection of
the coal self-heating problem is very important in order
that immediate action can be taken to stop the process from
reaching its final stage--spontaneous combustion. The early
detection of the problem can save lives and prevent serious
financial losses of both equipment and output.
There have been several attempts with various experi-
ments and methods of testing to predict the susceptibility
of coal to self-heat, but the successes have been limited.
It is difficult to extrapolate the data obtained in
laboratory investigations to real life, because of the
arbitrarily imposed standard procedures employed in
laboratory tests, such as
a. coal particle size
b. starting temperatures
c. heating rates
d. atmospheres (both oxygen content and humidity).
These imposed standards are due to the limited time of
study and the fact that it is not possible to recreate all
of the conditions which could be experienced by the coal
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during mining, transportation and storage before it is used.
Therefore, the liability of a coal to self-heat cannot be
directly determined by a specific laboratory test.
Laboratory results of coal susceptibility to self-
heating (self-combustion) must be considered as only part of
an overall risk assessment. In their consideration, one
must include all contributing factors and circumstances for
a particular C031. It should be kept in mind tnat the
results for one set of coals cannot be extended to other
coals, no matter how accurate they are, unless they were run
under exact duplicate conditions.(1)
E. AlLtraZtiYt Tejs
Even though there is not a simple standard and reliable
laboratory method of studying coal self-heating at the
present time, a coal's liability to self-heat can be evalu-
ated by the combination of some laboratory experimental
methods and a number of relative indices of combustibility.
1. Labora*.ory Teat Methods
Basically all of the laboratory methods of coal
self-heating prediction are based on tne measurement and
determination of the characteristics of the coal oxidation.
These methods may be classified into the following five
categories, according to the general principles of the
method.
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a. Direct observation test methods.
b. Constant temperature (including isothermal) test
methods.
c. Ignition-temperature test methods.
d. Chemical test methods.
e. Adiabatic test methods.
In addition to the above basic classifications, some
consideration also should be given to the system in use, in
regard to the flow of the oxidizing medium (typically
oxygen). There are two types of systems available, the
"closed system" and the "open system."
In the so called closed system, the oxidizing gas (most
likely oxygen molecules) is circulated through the coal
sample by means of a mechanical pump. The products of
oxidation (water vapor and oxides of carbon) are then
removed by the means of chemical absorbents. The amount of
oxygen added to the system in order to keep the system at
constant pressure is a measure of oxygen consumption. The
degree of oxidation in this system may be followed by
periodically sampling and analyzing the products.(9)
In an open system, on the other hand, the oxidizing
agent circulates through the coal sample. The decrease in
the oxygen concentration of the oxidizing atmosphere
indicates the rate of oxygen consumed by the coal sample.
An oxygen analyzer also may be employed for the calculation
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of oxygen consumption. In this system the gaseous product
can be sampled and analyzed periodically by the appropriate
devices as well.(9)
In an open system, on the other hand, the oxidizing
agent circulates through the coal sample. The decrease in
the oxygen concentration of the oxidizing atmosphere
indicates the rate of oxygen consumed by the coal sample.
An oxygen analyzer also may be employed for the calculation
of oxygen consumption. In this system the gaseous product
can be sampled and analyzed periodically by the appropriate
devices as well.(9)
Direct Observation Test Methods. This method is based
on the study of coal behavior and the changes in its con-
dition while undergoing oxidation (temperature rises and
product gases), by direct observation and under actual
experimental conditions. It is the results of these types
of experiments that can help to set standards for all other
laboratory test methods.
In the late 1870's, Fayol was the first to study the
actual storage conditions on a large scale. In his
experiment, he stockpiled coal at 22°C and recorded the
temperature periodically. From this experimental obser-
vation he concluded that at low temperatures, large coal
piles with fragments, dust and a limited quantity of air are
more susceptible to self-heating than small piles with lump
coal and with either no air or very thorough ventilation.
(9)
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M. Guney and D. J. Hodges, in a report published in
1969, reported that many long-term experiments on the safe
control of gob pile fires were carried out by several
investigators, even "a cb-fire chamber simulating
underground mine conditions was constructed by the Safety in
Mines Research Board." Most of the useful knowledge from
this experiment came after Mason and Tideswell took over the
project. They observed that there are two important signals
which can be very helpful in detecting an incipient heating
and which are very good warning signals. The first warning
signal is gob smell and the second is detection of carbon
monoxide in analysis of the return air. The gob-stink is a
more useful warning as it is more detectable than the small
production of carbon monoxide.(9)
Similar experiments were also conducted by several
other investigators, among whom we can name Threlfall, Parr
and Kressmann, and Graham and Raybould. They obtained
valuable data under different conditions, but one must
realize that it is difficult to control all of the variable
factors involving, a specific condition in large coal piles.
Since reliable information can only be obtained under exact
duplication of experimental conditions on similar coal
piles, the method is slow and expensive--the main
disadvantage of the method. On the other hand, in testing
various coals, this method has a decided advantage of
directness.(9)
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Conant Temperature Ttzt Methods. This method, which
is one of the principle methods of estimating a coal's
tendency to ignite spontaneously, is based on the measure-
ment of the following criteria:(9)
a. The characteristic oxidation rate of the coal
b. The amount of oxygen consumed by the coal during
oxidation
c. The effluent gases evolved during the coal oxidation
d. Measuring directly the amount of heat released in
the initial stages of coal self-heating.
The constant temperature test method is one of the
earliest laboratory methods for coal self-heating detection
which gave accurate and consistent results. The method
could also be given a wide interpretation since all con-
ditions can be kept constant. As reported by Cuney and
Hodges in their investigation in 1969, "for the experimental
procedure, a crushed coal sample at a maintained temperature
is exposed to a measured rate of pure oxygen or air flowing
over it. Reaction between the oxygen and coal substance
occurs and the rate of disappearance of oxygen can be
measured precisely by gas analysis of the gaseous products
of oxidation. The quantity of oxygen consumed is then used
as the measure of the rate of oxidation reaction."(9)
The extent of coal oxidation in this method is measured
by the amount of oxygen consumed by the coal and the amount
of heat generated by the coal oxidation reaction. They may
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also be determined by isothermal calorimeters which work
under the same principle. Application of this method on a
laboratory scale by many investigators of the problem of
coal oxidation and its susceptibility to self-heat has
introduced much valuable information.(9)
The first publication on this subject goes back to 1869
by Richters. About his experimental work, Guney and Hodges
reported that he "subjected a powdered coal sample to the
oxygen of the air in a tube sealed with mercury and arranged
so that adjustments of pressure to atmospheric conditions at
regular intervals could be made. To remove the oxidation
product calcium chloride and soda lime were placed close to
the coal sample."(9) From the data Richters obtained in his
experiments, he concluded that reaction between oxygen of
the air and coal substance is responsible for spontaneous
combustion. Porter and Ralston later modified this method
by using pure oxygen instead of air and phosphorus pentoxide
as the moisture absorbent instead of calcium chloride.
An extensive series of experiments using this method
was also conducted by Winmill and Graham with Haldane in tne
Owner's Research Laboratory between 1913 and 1920. In their
experiment they oxidized a example cf 150 grams of -200 mesh
coal at a constant temperature by passing moist air through
the sample at measured rates. Oxidation rates could be
determined at any moment by analysis of the effluent air.
From their data they reported "the oxidation rates as cubic
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centimeters of oxygen (N.T.P.) consumed per 100 grams coal
(as-received) per hour."(9)
From this and other data obtained, an equation for the




where: A = ml oxygen absorbed
K = constant
t = time
n = constant (for all coals at all
temperatures)
Tn order to investigate the low temperature coal
oxidation process in more detail using this method, several
different isothermal calorimeters working under the same
principles but differing in construction, have been designed
by researchers. Stott designed an instrument to Teasure the
heat of wetting and heat of oxidation of coal; 2venster made
his instrument for the study of heterogeneous reactions of
gases and the more recent work using this method was carried
out by Carpenter and Giddings.(9) They constructed an
apparatus capable of giving accurate and reproducible
measurement of the material changes occurring during the
coal oxidation. Their equipment was used for an extensive
study of the initial stages of coal oxidation with molecular
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oxygen, and the effect of time, temperature and coals rank
on the rate of oxygen consumption.
(11)
The advantage of this method is that the data can be
obtained under closely controlled experimental conditions,
where each condition can be varied separately and its effect
on the oxidation rate may be determined. The amount of heat
generated during the coal-oxidation process also can be
measured directly at any time interval. The disadvantage of
this method to study the coal oxidation and its suscepti-
bility to self-heating (spontaneous combustion) does not
represert the actual conditions found in practice. There-
fore, the correlation of results with actual circumstances
is indirect.(9)
Ignitign=Temperature  Lest Methods This method, which
is also referred to as the "kindling temperature" or
"temperature differential" test method in some litera-
ture,(2,9) is based on the measurement of the temperature
difference between a coal sample through which air or oxygen
is passed and a bath which holds the coal sample. The bath
is heated at a constant rate. At the start of the experi-
ment, the coal temperature lags behind the bath temperature,
but when the coal begins to self-heat, the coal temperature
first coincides and then leads the bath temperature. The
point at which the bath temperature curve and the coal bed
temperature curve cross over is commonly, but not irac-
curately, known as the "ignition-temperature" or "crossing
27
point." For many bituminous coals the values of ignition-
temperature ranges from 150°C to 250°C, depending mainly on
the type of apparatus and experimental condition.(9)
This method has the advantage that the ignition-
temperature point can be easily determined. The dis-
advantage of this method is that the results are limited to
the individual coals under investigation, due to the dif-
ficulty in defining the exact ignition-temperature.
(1
'2,9)
Chemical Test Methods. The chemical test method for
determining coal oxidation character is based on the
treatment of the coal samples with aqueous solutions of
chemical oxidizing agents. Some investigators have sug-
gested that bromine absorption by coal could be used as a
quick indicator of its susceptibility to spontaneous
combustion. It has been proven that a coal which has been
exposed to the air at 265°F temperature for a few hours
absorbs much less bromine thar unexposed coal. Some other
investigator have used iodine instead of bromine in their
experiments and conclude the same results, therefore
suggesting that iodine-absorption be used as an indicator of
liability to self-heating. The main advantage of this
method is its simplicity. The disadvantage of the method is
the difficulty of interpreting the results due to the great
differences between the experimental conditions and atmos-
pheric oxidation in practice. This method needs to be
(2 9)further developed.' 
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Adiabatic Test Methods In this method, which is cne of
the most widely used, the following criteria can be
measured:(9)
a. The coal self-heating rate
b. The gaseous products of coal oxidation at various
temperatures as it rises
c. The amount of heat generated in relation to the
amount of oxygen consumed.
The method is based on the introduction of the air
(oxygen) to a coal sample, which is preheated to a selected
temperature in an insulated bath and will raise the
temperature of the coal and generate heat. Since there is
no heat transfer between the coal and its surroundings, its
temperature can be measured accurately. The information
obtained by this method, the temperature rises in the coal
sample and the amount of heat generated in a given time, can




5) Because of the importance of the adiabatic
calorimetry in the prediction of coal susceptibility to
self-heating, this method will be discussed in more detail
later.
2. Relative Indices  of Clabilstibility
In evaluating a coal's susceptibility to self-heat,
a reliable and universally applicable index of combusti-
bility would be the most preferred method. Several
different indices of combustibility, which have been derived
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from the above laboratory test methods and are not directly
comparable with one another, have been proposed in the
literature. Some of the most commonly referred to methods
will be discussed.
Heating Rate. The heating rate can be meazured by two
methods. First, under controlled conditions the increase in
the coal temperature is measured in degrees centigrade per
hour per gram (°C/hr/g). Second, measuring the amount of
the heat released by the coal in calories per hour per gram
(cal/hr/g). The greater the heating rate, the more sus-
ceptible is the coal to self-heating. Heating rate consists
(of the following two variations.1 '5)
a) Relative Heating Rate: The heating rate which is
determined relative to the heating rate of some standard
sample.
(1,5)
b) Dynamic Heating Rate: The heating rate at which the
coal temperature increases with respect to it surroundings
within a given temperature range."'"
Crossini..-E21nt Temperature. This index of com-
bustibility, which is also known as the "relative ignition
temperature," is the temperature at which the coal
temperature and a heated bath coincide with one
( 5)another. 1 '
Ignition Temperature. The temperature at which the
coal ignites is the ignition temperature and can be
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determined only by observation. In other words, this is the
temperature at which an observer can see the coal afire.
Due to the fact that it is hard to define this temperature




This index, the ratio of carbon monoxide (CO)
formation to oxygen (02) absorption, which is also known as
the "CC index," is the simplest method of detecting coal
susceptibility to self-heating so far. Any increase in
carbon monoxide concentration and decrease in oxygen
concentration is directly related to the coal temperature.
This index today is the basis of detecting and monitoring
the self-heating in Tost underground mines and is the most
widely used method in the United States. This is done
simply by analyzing the mine air for CO and oxygen.(1'5)
3. Fa .id A;.rai_5a1Q1 Ipontan2211,5 _combustion AssessQl
Liability  iRASCALI
A report by the Gulf Science and Technology Division of
the gulf Oil Company regarding the coal's susceptibility to
self-heat indicates that "subjected to certain mining
practices, all coals have some risk of developing spon-
taneous combustion." However, experience indicates that
the degree of risk varies from coal to coal and from seam to
seam, even in the same mine. There are several factors
which can affect this risk. Some of these factors are as
follows:
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a) coal rank, as a factor of oxygen content
b) presence of pyritic sulfur minerals in the coal
c) coal hardness
d) humidity of the ventilating air
e) strata temperature
f) unmined roof coal thickness.
Consideration of the above factors can give a
preliminary indication of the degree of risk. To emphasize
the importance of the factors, and as a guide for the
calculation of the risk assessment by this method, the
1)following values have been assignea to them.(
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.1 Yet,b2LI Of Lalaulatign
To obtain the risk factor for a specific coal from the
above information, simply add the point values under the
factors a), b), c) and d) and multiply it by the values
under the factors e) and f). Now the overall risk factor
can be obtained from this result and the following chart.(1)
1. If the result is less than 10 --- Low Risk.
2. If the result is between 10-20 --- At Risk.
L If the result is greater than 20 --- High Fisk.
LxamDie
Coal A Points
a. Bituminous, Oxygen Content 12% 14
b. Pyritic Sulfur Minerals 1.1%
c. Friable 2
d. Humidity of ventilation 65% 2
e. Roof coal 2 ft, Factois x 1.5
f. Strata Temperature 60 F, Factor x 1.0






Semi-anthracite, Oxygen content 5%
Pyritic sulfur Minerals 0.5%
Medium Hard
Humidity of ventilation Air 40%
e. Roof coal 4 ft 6 in., Factor x 2.0
f. Strata Temperature 60
0
F, Factor x 1.0









The results found by this method (RASCAL) should never
be used as the sole measure of self-heating risk, since it
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only Rives a very generalized indication of coal suscepti-
bility to self-heat in mines.
1
In order to achieve a greater accuracy in evaluating
the coal susceptibility to self-heating, a combination of
the above methods and indices is recommended. To obtain
reproducible laboratory results of the above methods and/or
indices, they all should be determined under standard
conditions. Laboratory indices have not been consistently
compared to the actual incidence of self-heating. Comparing
various methods and/or indices with one another would be
inaccurate and possible misleading, due to the diversity of
experimenta) conditions and the lack of an objective
criterion under which the results were obtained. None of
the above indices have been shown to be significantly more
accurate than the other.(1'5)
F. Adiabatic  Studi_ez of Coal Self-Heating
Of the many methods discussed in the previous section
for monitoring the coal self-heating problem, the adiabatic
test method is the most important and most direct labora-
tory-scale method. This method has been used over and over
again by many investigators.
An adiabatic process in the thermodynamic sense is
regarded as one in which there is no heat exchanged between
the object studied and its surroundings. Adiabaticity, as
defined by Ouney and Hodges in their 1969 paper, "can only
be gained by insulating the reaction tube and controlling
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efficiently the temperature difference between the sy5tem
and surroundings."
(10)
Under certain conditions, heat generatec in stored coal
during the initial stage of coal oxidation and other heat-
producing reactions is not dissipated to the surroundings.
Such conditions arise when coal is enclosed in rock, timber
and adjoining coal in coal piles, due to the poor
conductivity of the surrounding materials (coal, rock,
etc.), and the slow circulation of air. As a result, the
temperature will rise steadily and serious events are likely
to happen. This condition would be considered as an
adiabatic process, since there is no heat exchange between
the coal and its immediate surroundings.
(9)
On a smaller scale in the laboratory, an adiabatic
process can be used to measure the amount of heat generated
by coal oxidation or self-heating. The rate of oxidation
and the nature of the gaseous products evolved in the
reaction during the temperature rise can also be deter-
mined.
(9)
Winmill is probably the first given credit for the
invention, construction and use of the adiabatic apparatus
in the study of coal self-heating in a flow of air or
oxygen. As reported by Guney and Hodges, "the device was
made up of an oxidation tube of 250 grams capacity in a
vacuum bottle and immersed in a liquid bath. By means of a
temperature control system, the relative temperature of the
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bath and the inside of the flask were kept within a range of
0.2°C. The temperature of the bath was raised automati-
cally at the same rate as the oxidizing coal."(9) In a
series of experiments, he used some samples of Barnsley hard
and soft coals and conducted his experiment under different
conditions using air or pure oxygen. From his results, he
concluded that both coals are capable of spontaneous
combustion under favorable conditions.(9)
J. D. Davis and J. F. Byrne constructed and employed a
similar adiabatic apparatus in 1924 in the Bureau of mines
laboratory to study the self-heating of American coals.
They studied the rate of coal self-heating in an adiabatic
calorimeter which had an adiabatic control accuracy of
approximately 0.15°C/hr. As they reported, this accuracy
was sufficient enough to measure the self-heating in a coal
at temperatures around 50°C. Their calorimeter was made cf
a vacuum-jacketed glass tube able to hold about 30 grams of
coal sample immersed in a Dewar flask holding approximately
four liters of transformer oil. Connected to the bottom cf
the sample holder tube was a 1/4 inch branched tubing for
admitting oxygen or inert Rases at various temperatures and
the thermal controller. The temperature of the bath was
controlled thermo-electrically. In order to increase the
sensitivity of the apparatus 33 great as 0.002-0.005°C they
used a sensitive ialvanometer and a 24-element thermal
heater. Even though a temperature sensitivity of 0.013°C
was attained, their adiabatic control was not better than
0.150C/hr due to the lag effects. Their most troublesome
lag effects was the variation in the amount of heat required
by the oil bath in order to reach the starting tempera-
ture.
(14)
In order to eliminate any thermal effects in their
experiments, other than that due to the coal oxidation,
Davis and Byrne used fresh coal samples which had been
pulverized to 100 mesh and dried previously at 140°C in a
current of inert gas. Approximately 35 grams of this
pretreated sample was allowed to cool and then placed in the
calorimeter. The oil bath was then heated to the starting
temperature which had been chosen previously, usually 50-
70°C. In order to bring the coal temperature up to the oil





usually was accomplished in 3/4
to 1-1/4 hours. After these two temperatures reached the
starting temperature, the apparatus was then kept at
constant temperature under a stream of natural gas until the
system equilibrated. Then the temperature recorder was
turned on and the gas stream was replaced by a stream of
dried oxygen. The coal was then allowed to heat under these
conditions until the temperature reached 130-1400C, which
usually required 12-48 hours, depending on the coal and the
(14)starting temperature.
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Davis and Byrne reported the results of their experi-
ments on seven American coals and a peat sample, which they
exposed to oxygen at 70°C. They concluded that the highest
rise in temperature was from 70°C to 100°C in 5.1 hours, and
was shown by Illinois coal with 11.6% oxygen content. The
lowest rise in the same temperature range was in 14.0 hours
and was shown by upper Kittanning Seam coal with 2.8% oxygen
content. There was no evidence of self-heating from samples
4)
of anthracite of the Pocahontas Seam and from peat.
(1
Using the experimental data of the plot of time (hours)
versus temperature they also concluded that, "the main
characteristic of spontaneous heating is that the rate of
heating is an increasing function of the temperature." From
this conclusion they developed the following empirical
formula:
t K (a + T)/(b - T)
Where: t = Temperature
T = Time
K, a and b are constants
The constants K, a and b for a Pittsburgh coal were
determined by Davis and Byrne. Using their experimental
data from the plot and the formula they concluded that, "(1)
no neating takes place below 26.27°C; (2) the time required
for Pittsburgh coal to heat from this temperature to
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ignition is 144 hours, both the coal and the oxygen used
being moisture free."
(14)
A very comprehensive study, mainly based on the
adiabatic test method, on the spontaneous combustion
characteristics of brown coal, brown coal bariquettes and
brown coal semi-coke, was carried out by von Walther,
Bielenburg and Rosen in 1925 to 1930.
(9) Some Japanese
investigators have also used the adiabatic method to study
the spontaneous combustion of coal. And from the results of
their experiments on 75 coals, they derived an equation
which can be used to calculate the time required by coal to
ignite spontaneously.'
In 1945, twenty years after the construction of his
first calorimeter with Byrne, J. D. Davis designed and
constructed a new adiabatic calorimeter with four other
investigators (J. L. Elder, L. D. Schmidt and W. A. Steiner)
at the U. S. Bureau of Mines. Their goal was an extensive
study of the relative spontaneous heating tendencies of
U. S. coals. During the course of their investigation, they
examined 46 coal samples of different ranks. This new
calorimeter was very similar in principle to the one
constructed earlier by Davis and Byrne. But it was much
larger in size1 had different methods of insulation, and
. (12)
used samples of +0 -1/4 inch coal instead of -100 mesh.
As they reported, the action of the calorimeter was very




-1/4 inch pretreated coal sample (dried at about 100°C in
nitrogen) then heated to the starting temperature, which has
been chosen after consideration of the coal's rank.
Sufficient time then was given to the coal to reach this
temperature, while maintaining a nitrogen atmosphere in
order to prevent any early oxidation. The starting
temperature chosen in their experiments for lignite or
subbituminous coals were about 27 to 60°C, and about 60 to
93°C for high volatile A and higher rank coals. After the
whole system reached its thermal equilibrium, a stream of
oxygen was admitted to the bottom of the coal column at such
a rate that the leaving gas had more than 85% oxygen. Since
the instrument was well insulated from its surroundings, any
increase in coal temperature at the center of the system
would be due to the ccal self-heating. As they reported,
the rate of the temperature increase in coal would be a
function of its reaction rate, and hence a measure of the
coal's susceptibility to self-heating.
(12)
From their experimental data the above investigators
drew several conclusions and derived some empirical
equations as well. Some of their conclusions were
1. The test results of an adiabatic calorimeter can be
evaluated in terms of the heating rate as a function of
temperature. The heating rate values can be determined from
the slope of the tangent to the curves Di. the temperature
versus time plot at various temperatures. These values are
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then plotted against the temperature at whch they were
measure°, where the heating rate (Y-axis) is a logarithmic
function and the temperature (X-axis) is a reciprocal
function. From the straight lines given by this type of
plot the following empirical equation, relating heating rate
and temperature, was derived.
(12)
Where:
log(R/R 1) = n(1/T - 1/T')
R = Heating rate (°F/hr.) at T.
T = Absolute temperature (
o
F) at which R was
determined.
R'= Heating rate (°F/hr.) at T'.
T'= Absolute temperature (°F) at which R' was
determined.
n = The slope of the line.
2. Freshly mined coal consumes more oxygen and oxidizes
at a relatively higher rate than the coal mined earlier due
to the large availability of freshly exposed surface areas.
Using data obtained from oxidation tests at 100°C that had
been carried out on the as-received coal, they developed the
following empirical equation.
(12)
X = C (T)
Where: X = Percent oxygen consumed by the dry,
mineral-matter-free coal.




As they reported, the value of the constant (b) appears
to depend somewhat on the rank of the coal. The average
values of b for several coal ranks tested by them are
Numttr anl rank af_tna cga) tested Averaze  ialue of
3 low volatile bituminous coals 0.769
6 medium volatile bituminous coals 0.806
20 high volatile A bituminous coals 0.787
4 high volatile B bituminous coals 0.691
6 high volatile C bituminous coals 0.561
2 subbituminous A coals 0.537
2 subbituminous B coals 0.610
2 subbituminous C coals 0.504
1 lignite 0.341
3. By differentiating the equation they obtained in 2,
(12';
they came up with the following equation.




In this new equation dX/dT or P is the rate of the
reaction in percent oxygen consumed per day by weight of
dry, mineral-matter-free coal. The other symbols have the
same meanings as before.
(12)
4. By solving the equation in 2 for (T) and
substituting it in the differential equation in 3 they




where this equation can be reduced to
R
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The term F in these two equations is the characteristic
oxidation rate, when evaluated by means of experimental
data.
(12)
. They also concluded that the rate of oxidation at
various oxygen concentrations (1 to 20.5 percent) can be





= [(0 ) /(0 ) ]
D
2 1 2 2
Where: R
1 and R2 =The oxidation rate.
(02)1 and (02) = The corresponding oxygen
concentrations
The exponent 0.66 is the average value found from 46
coals tested. They also reported that, "Variations from
0.66 were found, but these seemed to be due to experimental
error rather than to changes in coal propertie3.4(12)
Guney and Hodges designed and constructed an adiabatic
calorimeter in the Department of Mining Engineering, at the
University of Nottingham (London).
(8) 
Their goal was to
investigate the influence of moisture at the initial stages
of coal oxidation, and the relationship between the rate of
self-heating and the primary gaseous oxidation products. In
order to make the calorimeter ready for use certain
preparatory work had to be done prior to the start of each
experiment. Depending on the type of experiment, the
reaction tube of the calorimeter was charged with about 100
grams of dry or as-received coal, then the whole system was
brought to the desired conditions in a thermostated cabinet.
At the same time, the complete unit was flushed with pure
nitrogen gas. No reading could be observed by the galva-
nometer on the instrument when the coal and the environment
were at an equilibrium temperature. Before starting the
instrument, the mirror galvanometer was adjusted. By
passing air through the apparatus, coal oxidation would
start, and hence the temperature in the reaction tube would
start to rise due to the coal self-heating. Any increase in
the reaction tube temperature then caused the relay to turn
on the bath heater until the thermal balance between the
tube and bath was restored. This process of maintaining
adiabaticity, between the reaction tube and bath, occurred
continuously within a desired limits until the maximum
()temperature was reached. 10
Since there is no direct method of checking the
accuracy and sensitivity, Guney and Hodges suggested that
this can be achieved by means of improving the construction,
insulation and the temperature control unit of the instru-
ment. On the subject of accuracy they reported that "a
series of preliminary experiments on accuracy indicated that
adiabaticity varied with the type of oxidation tests under
different experimental conditions, but were well within the
acceptability range."(8) They also reported a precision of
about +1- 0.15°C for dry oxidation where the coal and air-
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flow both were dry, and about +/- 0.10°C for saturated
oxidation where the coal was dry, but the air-flow was
partially or completely saturated. As they reported, "One
major factor causing decreased precision was the rapid
increase in the temperature of the coal-oxygen
reaction."(10) The sensitivity of their instrument was
increased by employing a system of 48-element thermo-
couples.
(8)
Using their calorimeter they conducted a series of
laboratory experiments on several samples of -72 mesh coal.
They oxidized their examples for about six hours by
circulating the atmospheric air with various humidities
through the coal at a constant rate, and recording the
corresponding readings for the adiabatic temperature rise of
the coal from its initial temperature of 40°C. In their
study, the same coal was subjected to the self-heating
experiment under different experimental conditions. They
determined the self-heating rate of the coal under
investigation from the slope cf the tangent to the curves
obtained from the plot of observed temperature versus time
at various temperatures.
(10)
An adiabatic calorimeter was also constructed by some
investigators at the Great Lakes Research Corporation of
Elizabethtown, Tennessee in the 1970s. They presented a
report of their investigation at the Division of Fuel
Chemistry of America Chemical Society Meeting in Chicago in
jib
1970. Their investigation was based on the measurement of
the self-heating rates of carbonaceous materials when
exposed to a stream of nitrogen, oxygen or carbon dioxide
with controlled humidity.(13)
In the above work all of their experiments were carried
out at the initial temperature of 150°F (65.5°C) and 600
grams of sample were used. Dry nitrogen gas was used to
bring the temperature of the sample up to the starting
temperature. In order to be sure that the instrument was at
equilibrium, it was held at least for 10 minutes at the
starting temperature prior to the starting point of each
experiment. A desired gas (sometimes saturated with water
at 65.5°C) as then passed through the system at a constant
rate, usually 0.5 ft3/hr. The furnace temperature, inlet
gas temperature and tne temperature of the sample at a point
one inch above the bottom of the sample were recorded at
different time intervals. The self-heating rate of the
sample under investigation was determined from the plot of
temperature versus time, as before. The results of the
study were reported for a dry raw lignite, semicalcined
petroleum coke and some other carbonaceous materials which
were the products of the Great Lakes Carbon Corporation on a
commercial scale.(13) From their investigation they
concluded that
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a. There is no evidence of serious self-heating for any
of the materials tested in a completely dry system,
even in pure oxygen.
b. In the temperature range of 65.5 to about 88.0°C,
the water vapor absorption by the dry carbonaceous
material provides the major heating effect.
The latest investigation on coal self-heating, using
the adiabatic method as part of their experimental pro-
cedure, was done by some of the U.S. Bureau of Mines'
investigators in 1980. J. M. Kuchta, V. R. Powe and D. S.
Burgess studied the self-heating susceptibility of about 30
U.S. coals by an adiabatic calorimeter which they designed
and constructed at the Pittsburgh Research Center. The
instrument was designed in such a way to maintain the
equilibrium temperature between the coal and its immediate
surroundings at least in the initial stages of combustion.
Their calorimeter was made of a insulated oven chamber with
three separate heaters. At the center of the oven was a
15 cm diameter Dewar flask containing a sample oven (middle
heater) and a sample holder basket (7.6 cm diameter and
7.6 cm high) made of stainless steel wire and suspended by a
wire strand. Preheated air, by passing through an external-
ly heated ]ine an the outer oven, was brought into the
calorimeter, entering near the bottom and slowly circulating
up and around the sample with the help of a magnetically
controlled fan (5 rpm). Iron-constantan thermocouples were
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installed at various locations for monitoring the sample and
oven temperatures. Sample-oven differential thermocouples
were used for control purposes and for detection of self-
heating. All thermocouples were simultaneously
calibrated. (3)
In their study, they used 100 grams of either minus 50-
70 or 100-200 mesh samples of freshly ground coals, dried
and undried, depending on their experiment. After placing
the sample in the calorimeter its temperature was then
brought to the starting point temperature in a stream of
flowing nitrogen. An equilibrium temperature (within a
range of +/- 0.1°C) was obtained between the sample and the
inner oven at the set point. The calorimeter was then set
in an automatic control mode under a stream of dry or moist
air for at least 24 hours, unless self-heating occurred
before the end of the time period. The optimum air-flow
rate for self-heating in their calorimeter was found to be
50 cm3/min.(3)
Thirty coals of different ranks (lignite, subbituminous
and bituminous) and from different mines across the nation
were investigated using the calorimeter described above.
Laboratory analyses (proximate and ultimate) were reported
for all coals. The heating value of the coals were
calculated by the following equation:(3)
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Q 14.54 C + 62.03 (H-0/8) + 4050 S
Where: Q r. Heating value (British thermal units per
pound).
C, H, 0, S The element constituents in weight
fractions.
One of the experiments conducted by Kuchta et at. was
to study the gas emissions of a coal when exposed to air in
a closed vessel at ambient temperature. The main gases
evolved in the process were CO, CC2 and CH4. The amount of
evolved gases varied with exposure time, oxygen consumption,
coal composition, dryness and particle size of the coal.
From this experiment they concluded that
a. In general, the CO emissions increased linearly with
exposure time up to certain concentration levels,
at which point they would level off and become less
time dependent as the concentration of the oxygen
in the vessel was greatly depleted.
b. The CO
2 and CH4 emissions also 
increased with the
exposure time, but the data trends were different.
C. In general, the CO and CO
2 
emissions and the oxygen




d. The lower rank coals were also characterized by
extremely low CH4 desorptions that 
were barely
detectable.
e. The formation of CO and the CO index increased as
the coal temperature increased.
On the subject of self-heating the investigators
reported that the most commonly used criterion of self-
heating is the temperature rise of the reacting coal. Thus,
any temperature rise in a reacting mass is indicative of
self-heating, although the exothermic reaction may not last
long doe to the conductive or convective heat losses.
Assuming that the heat loss in a mass is largely conductive
(q2), and heat releasing chemical reactions follow the
Arrhenius law (0), then the rate of self-heating (q) of a
dried coal mass under atmospheric conditions (air) can be
(?)
expressed by the following mathematical equation. -
pxc(dT/dC = pxQxZxe
(-E/RT) + X V4 T
ql q2
Where: p = Density
c = Specific heat
T = Temperature
t 7. Time
Q = Heat of the reaction
= Rate constant
E = Activation Energy
R = Molar gas constant
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A= Thermal conductivity
= The Laplanian differential operator
Under steady-state conditions, the above equation
reduces to a very simple form of: 0 = q2. The self-heating
temperature can be calculated as a function of the size of
the reactant mass, if the chemical kinetic constants (Z and
E) for the reaction are known. In the case of adiabatic
conditions (q = ql) these constants can be calculated from
self-heating rate experiments at various temperatures.(3)
Kuchta et al. reported that since they simulated the
adiabatic conditions in their experiments and the air flow
velocity through the coal bed was small enough to be
negligible, the self-heating rate!: of the coals should be
equivalent to their chemical heat release rates. For such
conditions, the above equation reduces to
or
dT/dt = (QZ/c) e(-E/RT)
ln(dT/dt) = -E/RT ln(k)
Where: dT/dt = The rate of temperature rise of the
coal is an exponential function of
temperature.
K = QZ/c The rate coefficient.
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It should be kept in mind that self-heating temperatures are
lower under adiabatic conditions than nonadiabatic.(3)
On the basis of the facts and experimental results
obtained by many investigators, the important advantages of
the adiabatic test method are(9)
a. It provides continuous data on the subject over an
extended temperature range in a single experiment.
b. It provides further information, if necessary,
without any significant changes in required time.
c. The apparatus (calorimeter) can be constructed
inexpensively, and with common materials, yet
yields accurate and reliable information.
d. It could be used in other chemical and physical
studies, especially the specific heat of solids and
liquids, with minor modifications.
Of course, the method has its problems as well;
therefore, the disadvantages of the method can be outlined
(9)
as
a. The complexity of the equipment (especially
temperature-control system) which makes it
difficult to construct.
b. Skill is needed to operate the apparatus, since it
is extremely hard to detect any errors in adiabatic
control units.
c. Time factor -- it may take several weeks or even
months to complete an experiment if the experiment
starts at ambient temperature.
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In 1'378 the U.S. Department of Energy reported that to
overcome the time factor problem of adiabatic calorimetry, a
new method was developed by the National Coal Board. This
new method was called Paced Adiabatic Non-Iothermal
Criterion (PANIC). The method consists essentially of
passing a stream of air, oxygen, nitrogen, etc, through a
bed of coal in a tube placed in a reaction chamber, which
can be raised in temperature steadily, normally 60°F per
hour. The exiting gases are analyzed continuously in a
train of equipment consisting of both chromatographic and
infra-red instruments. This new method (PANIC) makes it
possible to complete an experiment in a day. It was
reported that a comparison between the results of a series
of tests by the NCB using the new method, and by the Germans
using the adiabatic method, yielded the same results.
(2)
C. iimmary 
The information given in the preceding sections
summarize the studies that have been conducted by various
groups in attempts to determine the causes of self-heating
in coal and methods of predicting when self-heating will
occur. Most of these studies were conducted on a very small
number of coal samples, primarily because of the complexity
of the problem. In most studies the coals chosen for study
were picked because they had exhibited self-heating
characteristics or because their elemental composition and
physical characteristics would lead one to believe they
514
would readily undergo self-heating. In almost all studies
coals from a particular seam, and not blends of different
seams, were used.
In this study supported by the United States Department
of Transportation several aspects of the self-heating
problem in barged coals were investigated. The construction
and use of a computer-based data bank on barged coals
provided information on barged coal that was used to plan
experiments for gathering additional information on the
self-heating of coals. Field studies, in which a research
team accompanied a tow of barges on the Ohio and Mississippi
Rivers, were used to gather information on self-heating
rates, air flow through coal, methods of compacting coal in
barges and the degree of protection offered against self-
heating, and the effect of moisture and humidity changes on
self-heating. Finally, laboratory studies which included
gathering elemental composition and physical test data on
samples of barged coal, and the construction and use of an
adiabatic calorimeter (accelerating rate calorimeter), were
carried out in an effort to explain the data gathered in
constructing the data bank and in the field studies. The
goal of the research was to develop simple and reliable
methods of predicting the self-heating potential of coal,
including blends of coals.
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III. EXPERIMENTAL
The nature of this work was such that there were
several different studies all working toward a solution to
the same problem. For instance, there was the collection of
historical data and analysis of coal samples to build a data
bank on self-heating in coal; there was the field trip to
study loading parameters that may contribute to self-
heating; and then there was the construction and use of the
adiabatic calorimeter for laboratory studies to compare with
the data collected in the other studies. Since the studies
varied in scope and methods used to carry them out, it would
be very difficult to discuss them collectively. Therefore,
each study will be discussed separately in the experimental
section of this thesis with summary statements at the end of
the thesis.
A. Analysis of Coal Samples from Barges 
A very important part of our investigation was the
collection of accurate analytical data on approximately 300
coal samples for tie coal data bank. This analytical data
not only had to be obtained accurately, but efficiently and
rapidly as well. These samples were obtained from coal
companies, shippers and industrial users. Samples were
primarily chosen from barges headed to the coal ports in the
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New Orleans area. The analytical characterization of coals
has been done using the state-of-the-art coal analysis
equipment at the Western Kentucky University Coal
Characterization Laboratory.
The analyses performed on each of the coal samples
include proximate analysis, ultimate analysis, forms of
sulfur, free-swelling index, and Hardgrove grindability
index. Proximate analysis (moisture, ash, volatile matter
and fixed carbon) values were obtained using the LECO MAC
400. Heating values were determined using the LECO AC 200
Isothermal Jacket Calorimeter. Ultimate analysis (carton,
hydrogen, nitrogen, oxygen and total sulfur) data were
obtained using the LECO CHN 600 and SC 132. Carbon,
hydrogen and nitrogen were determined using the CHN 600,
while total sulfur was determined with the SC 132. The
oxygen content of each coal was estimated using the
following equation.
%) 100 - (5C + 5H + 5N + 55 + 5A)
Where: 50 = Percent Oxygen
= Percent Carbon
= Percent Hydrogen
5N = Percent Nitrogen
= Percent Sulfur
%A = Percent Ash
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Forms of sulfur (pyritic, su'fate and organic) were
determined using the ASTM D 2492 method. The free-swelling
index and Hardgrove grindability index of tne samples were
determined by the ASTM D 720 and D 409 methods, respective-
ly. A typical coal analysis sheet with data from the WKU
Coal Characterization Laboratory is given in Appendix A.
A summary of the elemental analysis and physical
characteristics of two types of coals -- those that
exhibited self-heating during barging, and those that did
not -- appears in Table 1. These data were collected for
samples from barges of coal that were shipped to the New
Orleans area for export.
P. aarging Study 
Our second goal in this investigation, after collection
of analytical data on the coal samples, was to carry out
several experiments on the barges where most of the heating
usually starts. To do this a barge trip down the
Mississippi and Ohio Rivers was arranged. The organization
and completion of this part of the investigation required
the cooperation of several parties, all of whom had a vested
interest in the coal under investigation. The broker was
the principal party cooperating in this study. This
individual agreed to allow all the proposed experiments to
be carried out, provided the other parties agreed. Some of
the parties refused to allow all of the proposed experi-






















Moisture (%) 14.16 14.05
Ash t%) 7.19 7.93
Volatile matter (5) 32.83 32.41 41.96 41.55
Fixed carbon (%; 45.42 45.62 58.05 58.48
Heating value (Btu/lb) 11410 11359 14582 14562
Carbon (%) 63.45 62.61 81.09 80.27
Hydrogen (%) 4.25 4.10 5.43 5.26
Nitrogen (%) 1.32 1.35 1.69 1.73
Sulfur (%) 1.27 1.45 1.62 1.86
Oxygen (%) 7.18 7.44 9.18 9.54
Pyritic sulfur (%) 0.88 0.89 1.12 1.14
Sulfate sulfur (%) 0.11 0.17 0.14 0.22
Organic sulfur (%) 0.74 0.52 0.95 0.67
H/C atom ratio (daf) 0.798 0.782 0.798 0.782
0/C atom ratio (daf) 0.084 0.091 0.084 0.091
Free swelling index 2.38 1.88 2.38 1.88
Hardgrove grindabilqy 43.6 47.9 43.6 47.9
Average barge temp (F) 74.5 84.9 74.5 84.9
Maximum barge temp 
0 
F) 81.4 108.0 81.4 108.0
"Normal" -odefined as maximum barge probe temperature less
than 10 F above ambient. Over 127 coals are represented
in this category
"Hot" - defined as ma6imum barge prcbe temperature equal to
or greater than 20 F above ambient. Over 100 coals are
represented in this category.
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disagreed with the use of any type of covers or protective
pad of carbon dioxide (dry ice). However, several barging
parameters and experiments were acceptable to all, and the
results of these will be discussed.
(15)
The trip began in Owensboro, Kentucky, proceeded down
the Ohio and Mississippi Rivers and finally ended in Baton
Rouge, Louisiana. The accommodations available on the boats
pushing the tow restricted the size of the research team.
In this study, due to the smaller size towboat working on
the Ohio River, only three researchers were on board during
this period, namely J. T. Riley, J. W. Reasoner and P.
Pfannerstill. The towboats running the lower Mississippi
River are larger in size and a team of five researchers were
on board, namely J. T. Riley, J. W. Reasoner, S. M. Fatemi,
G. Yates and S. Williams. Proper safety precautions and
background information on towboat operation, both on the
boat and the tow itself, had been provided in advance to all
the members of the barging research team. The first two
days on board (Ohio River) were spent making temperature
measurements and collecting meteorological data. The gas
flow measurements and other experiments were carried out
once the entire crew was on board (Mississippi River.
1. Barging Parameters 
Fifteen barges of coal were available to us in this
study. The position of these barges with respect to one
another and to the tow itself can be seen in the diagram of
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the two given in Figure 1. There were 10 barges of grain
that stayed with the tow for most of the trip and are marked
N/A in the diagram. The coal barges were loaded with coals
from western Kentucky and southern Indiana mines. The coals
were loaded at two different coal terminals with two
different methods of loading, and were compacted in the
barges using three different methods of compacting.
The first important barging parameter under consider-
ation was the two systems of loading which were used in
loading these barges. Five barges were loaded using a
"diffuser," and the remaining barges were loaded using the
normal (point source) loading system. The diffuser is a
device added to a normal coal chute which splits the stream
(1
of coal into five streams.
5)
 Coal loaded with the
diffuser makes a pattern of five cones across the barge
instead of a single cone which is the pattern for normal
loading. Diffuser loading should be more effective in
preventing size segregation and minimizing air flow channels
in the coal.
The second barging parameter was the three compacting
methods used in these barges. Two of the barges were
compacted by a "clam shell" bucket suspended from a loading
crane, these barges were considered to be lightly compacted.
This method of compacting leaves voids (8-10 feet) in the
front and back of the barge. However, diffuser loading
reduces the size of these voids, as was observed in the two
FIGURE 1. Tow Diagram
62
Tow Diagram
(Tow made up on day 4 - Reversed end-to-end on day 7)
Barge 1 Barge 13 Barge 4 N/A N/A
Barge 3 Barge 8 Barge 14 N/A N/A
Barge 7 Barge 12 Barge 15 N/A N/A
Barge 9 Barge 10 Barge 5 N/A N/A
Barge 2 Barge 11 Barge 6 N/A N/A
[Tow Boat]
barges above. The second method of compacting was dore
using a small steel track dozer that was hoisted into the
barge. The dozer then pushed the coal around inside the
barge to flatten out the tops of the cones produced during
loading. This method of compacting also was considered as
lightly compacted. Five of the barges were compacted using
this method. Barges compacted using this method also left
large voids (3-10 feet) in the front and back of the barges.
The remaining eight barges were compacted by the third
compacting method. This method used a small "Bobcat" front-
end loader which was hoisted into the barge to move the coal
around inside the barge and to fill most of the voids
created during the loading process. The movement of the
loader in the barge would firmly compact the coal, due to
the weight of the loader itself and the extra weight of the
coal which it carried around. This method produced well
compacted barges of coal. Even though all the barges in the
tow had approximately the same amount of coal, there were
some differences in the depth of the coal after compacting.
The coal in barges compacted with the Bobcat loader (third
method) was only about 13 1/2 feet deep, whereas the barges
compacted with the dozer (second method) had coal approxi-
mately 15 1/2 feet deep, and the barges compacted with the
clam shell had coal about 14 1'2 feet deep.
There were other barging parameters which were
monitored by the research team during this study. The
effects of blending (mixing) the coal from different, mines
versus "layering" them one after another in the barges as it
was loaded, the effect of precipitation and the change in
humidity during the barging period, and the effect of
loading warm coal are some of these parameters. Daily
average air temperatures and relative humidities were
recorded in addition to makng temperature measurements of
the coal for the entire period the research team was on
board.
In selecting the barges for temperature measurements
and gas flow experiments a number of barging parameters and
factors were considered. Descriptions of the coal barges
which were within the tow, including the barging parameters,
are given in Table 2.
2. Temperature Measurementa
One of the major goals of the research team on this
trip was daily temperature measurements for a series of coal
barges, from the time they were loaded at the point of
departure until they were unloaded onto the ocean-going
vessel at the port of New Orleans. The data obtained in
this experiment were important, because not only did they
provide a good record of individual barge temperatures, but
a record of heating rates for different coals and for
different positions within a barge as well.
Due to the highly localized hot spots within a coal













1 diffuser* mixed Clam shell; 8-10'voids
2 diffuser mixed Clam shell; 4-6' voids
3 diffuser mixed Bobcat loader
4 regular layered Dozer; 6-8' voids
5 regular layered Dozer; 8-10' voids
6 regular layered Dozer; 3-10' voids
diffuser mixed Bobcat loader
8 diffuser mixed Bobcat loader
regular mixed Bobcat loader
10 regular mixed Bobcat loader
11 regular mixed Bobcat loader
12 regular mixed Bobcat loader
13 regular mixed Bobcat loader
14 regular layered Dozer; large voids
15 regular layered Dozer; large voids
* Approximately 20% of the barge was loaded by the regular
method; the last 80% was loaded with the diffuser.
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representative temperature profile was obtained. Therefore
recommendations for the temperature measurements of coal in
the barges as presented by National Task Force on Coal
Handling and Transportation were followed.(15)
The temperature probes used in this study were made of
1/4 inch I.D. galvanized steel pipe and fitted with a metal
tip so that they could be easily to inserted into coal. The
probes also had holes (1/4 inch) for the thermocouple wires
at distances of 1 inch, 3 feet, and 6 feet from the tip.
Thermocouple wires protected with a braided steel sheath,
were inserted into the probes and attached at the three
holes using epoxy cement. These thermocouple wires were
connected to an Atkins Model 39658J Digital Readout Meter
with a three-position switch for reading the temperatures at
the three depths. The accuracy of the probes was found to
be within (+/- 1°F), after careful calibration.
Due to the shortage of manpower in the research team
only ten of the barges were chosen for the temperature
measurements experiment. These ten barges were barge
numbers 1, 2 and 3, 5 through 9, 11 and 15. The temperature
measurements were made by inserting the probes at designated
points. These probe points were carefully laid out and
marked on each barge in order to be able to repeat measure-
ments at the same position. Temperature measurements were
then recorded three minutes after inserting the probe into
the coal barge. These temperature measurements were carried
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out at 27 positions and three depths 6 and 9 feet) for
each of the 10 coal barges chosen for this experiment.
During the entire trip over 4050 temperature readings were
taken.
A summary of the results of temperature probing is
given in Table 3. The "average temperature" in this table
is the average of the 81 temperature readings per day for
each barge. In addition to the average daily temperature,
the highest temperature and the number of temperature
readings above 105°F which were recorded for each barge can
be seen in this table. Day 5 is the day on which the
temperature measurements experiment began and day 11 is the
day on which the barges were unloaded at the port of New
Orleans.
It can be clearly seen from the data in Table 3 that
the coal in barges 1 and 2 had undergone the greatest degree
of self-heating. There are a number of factors about these
two barges which may be considered contributors to this
excessive heating.
a. Both barges were loaded on the first day of loading,
therefore coal remained in these barges longer than
in the others.
b. Both barges contained western Kentucky coals which
were blended, and some of the coal was visibly





Barge Temperature Probing Experiments
Barge Number Day 5 Day 11+
Barge 1 (Diffuser loaded/clam shell compacted)
Ave. Temp. (0F) 79 105
High Temp. ( g) 85 133
No. Above 105 F 0 23
Barge 2 (Diffuser loaded/uneven clam shell compacted)
Ave. Temp. (0F) 77 102
High Temp. ( g) 85 126
No. Above 105 F 0 25
Barge 3 (Diffuser loaded/uniformly compacted)




No. Above 105 F 0 1
Barge 4 (Regular loading/evenly & lightly compacted)
Ave. Temp. ( F) -not probed- 86
High Temp. (%) 94
No. Above 105 F 0
Barge 5 (Regular loading/evenly & lightly compacted)
Ave. Temp. ( F) 81 87
High Temp. (°g) 92 95
No. Above 105 F 0
Barge 6 (Regular loading/evenly & lightly compacted)
Ave. Temp. ( F) 82 88
High Temp. (°g) 92 95
No. Above 105 F 0 0
Barge 7 (Diffuser loaded/well compacted)




No. Above 105 F 0 0
Barge 8 (Diffuser loaded/well compacted)
Ave. Temp. ( F) 80 91
High Temp. (1) 83 102
Nr,. Above 105 F 0 0
Barge 9 (Regular loading/well compacted)
Ave. Temp. ( F) 83 97
High Temp. (0E) 91 112
No. Above 105 F 0 11
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Table 3 (Continued)
Barge Number Day 5 Day 11+
Barge 10 (Regu spr loading/well compacted)
Ave. Temp. (oF) -not probed- 97
High Temp. ( g) 111
Mo. Above 105 F 12
Barge 11 (Regupr loading/well compacted)
Ave. Temp. (0F) 83 95
High Temp. ( g) 93 111
No. Above 105 F 0 3
Barge 12 (Regupr loading/well compacted)
Ave. Temp. (0F) -not probed- 97
High Temp. ( g) 119
No. Above 105 F 9
Barge 13 (Regupr loading/well compacted)
Ave. Temp. ( F) -not probed- 90
High Temp. (1) 102
No. Above 105 F 0
Barge 14 (Regupr loading/evenly & lightly compacted)
Ave. Temp. (0F) -not probed- 86
High Temp. ( g) 93
No. Above 105 F 0
Barge 15 (Rewg8lar loading/evenly & lightly compacted)




No. Above 105 F 0 0
+ Values obtained by Survey Service.
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c. These were the only two barges which were lightly
compacted using a clam shell bucket.
d. Each of the barges at some time during the trip (day
4-7 for barge 1, day 7-10 for barge 2) was at the
front of the tow. This created an opportunity for
these coals to take on additional moisture through
the spray or splashing of river water.
The effect of diffuser loading versus normal (point
source) loading also can be seen from the data in Table
by comparing temperatures in barges 7 and 8 with those in
barges 9 and 11. All four barges contained roughly the same
blend of western Kentucky coal, all four were well
compacted, and all four were loaded within a 24 hour period.
Except for the method of loading (barges 7 and 8 used
diffuser loading method and barges 9 and 11 used normal
loading method), the four barges were very similar in every
respect. Upon arrival at the port of New Orleans, barges 7
and 8 showed an average temperature of 91°F with no
temperature reading above 105°F, while barges 9 and 11
showed an average temperature of 97 and 95°F, respectively.
In addition, barge 9 had 11 and barge 11 had 3 temperature
readings above 105°F. This comparison would certainly
suggest that, even with trimming and compacting, the chance
of coal self-heating still exists and this chance can be
minimized by using the diffuser loading method.
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1. aas Flow Measurepents 
As discussed earlier, coal oxidation is the most
important factor contributing to the self-heating of coal.
The air flow rate is the most complex factor in this
problem, since air can both provide oxygen for oxidation of
the coal and dissipate the heat generated by the oxidation
process. Therefore, as concluded earlier, the best air flow
rate is one that is weak enough to keep the coal oxidation
at a minimum and strong enough to remove the generated heat
from the coal, thus keeping the coal at constant tempera-
ture.
The methods used in loading a coal barge will affect
the rate of air flow through the coal. Coal usually is
loaded from a point source, resulting in conical piles which
tend to have the fine coals concentrated at the center of
the cone and larger particles of coal segregated around the
surface at the base. This loading method allows rapid air
flow on the outer edges of the conical pile while
restricting the air flow near the center. An alternative to
this method is to use a diffuser, as used in loading some of
the barges in this study. A diffuser can effectively
disperse the stream of coal being loaded into the oarge, and
prevent the formation of a single cone and extensive
segregation of coal particles in the barge.
The second major goal of the barging study was to map
the movement of air through the barges that were loaded by
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each of the above two methods, point source loading and
diffuser loading. This experiment involved releasing a
tracer gas in a coal barge and periodically sampling and
measuring the concentration of the gas at different
positions in the barge. Sulfur hexafluoride (SF6
) was
picked as a tracer gas, since it can be easily detected by
gas chromatographic analysis, is odorless, nontoxic, easy to
handle, and is chemically and thermally stable. The probes
used to inject the sulfur hexafluoride and withdraw gas
samples were constructed from 1/4 inch I.D. galvanized steel
pipe with a fitted metal tip. The probes ranged in length
from 3 1/2 to 16 1/2 feet had four 1/4 inch holes drilled
approximately 2 inches from the tip to allow gases to flow
into or out of the probe. The gas samples were pumped out
by small air sampling pumps which were Bendix Super Sampler
Permissible Air Sampling Pump - Model 44 (BDX 44).
(15) Gas
samples were collected in 250cc polypropylene bulbs fitted
(1
with a 4mm-bore teflon stopcock at each end.
5)
 The gas
samples were analyzed using a Carle model 6500 gas
chromatograph with an 8 foot x 1/8 inch activated alumina
(80-200 mesh) column. The chromatograms were recorded and
integrated using a Hewlett Packard model 3390A Recording
Integrator.(15)
This experiment was carried out on five barges, which
were barge numbers 2, 3, 7, 9, and 15. During the
experiment sulfur hexafluoride was released into the coal at
73
the rate of about 20 standard cubic feet per hour for a
period of one-half hour. Then the gas samples were
collected from the various locations along the moving front
of tracer gas at 30 minute time intervals. These gas
samples were then analyzed by gas chromatography immediately
after the collection. A sample collection pattern can be
seen in Figure 2, each number in the diagram represents a
sample collection period.
The raw data from this study appeared to indicate
definite flow patterns in the barges. These data were too
complicated to be presented or explained. In order to make
the data easier to present, a correction factor for the flow
rate of the tracer gas was introduced into the data from
each barge. To determine this correction factor, the
percent reductions in tracer gas concentrations at each of
the positions in the barge where multiple sampling was done
were calculated. These values (percent reduction in tracer
gas) were then plotted against the time intervals between
sampling. The best fitting line of the plot was then used
to determine a correction factor for the flow rates of
tracer gas at various time intervals. A numerical
distribution pattern, like the one in Figure 3, was obtained
by multiplying the raw data by the calculated correction
factor. Once the numerical distribution pattern was
determined, density contour maps were constructed. Figures
4 and 5 are density contour maps for two of the barges.
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FIGURE 4. Density Contour Maps for Barge Number 3.






Barge number 3 was diffuser loaded, and barge number 9 was
loaded by the regular ]oading method.
The above data were also used to calculate the relative
gas flow rate through each one of the five barges. To do
this the percent reduction in tracer gas, which was
calculated earlier, was plotted against the time interval
between sampling for the position in the barge where
multiple sampling was done. The slopes of the linear
regression of the data in each of these plots are equal to
the relative gas flow rate in each of the barges. The
relative gas flow rates calculated for each barge and the
various loading and compacting method used in these barges
can be seen in Table 4.
TABLE 4
Relative Gas Flow Rates in Barges
Relative Gas
L9adin8 Mtthod Compaalinz Method Flow _lite
Diffuser loading Bobcat 0.096
Conventional loading Bobcat 0.39
Diffuser loading Clam shell bucket 0.66
Conventional loading Small dozer 1.39
The interesting pattern observed during this experiment
in all of the five barges under investigation was the
movement of the tracer gas away from the point of injection.
The relative concentration of the tracer gas decreased in
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the areas between the injection point and the stern (back)
of the barge, but at the same time this concentration
increasec in the areas between the injection point and the
bow (front) of the barge. Even though the increase in
tracer gas concentration in the front of the barge could be
seen in all five carge3, this increase was larger for the
well compacted barges.
The density of sulfur hexafluoride, the tracer gas used
in this experiment, is five times larger than the density of
air. Therefore this gas would flow to, and accumulate in,
the areas of the barge where air flow was m7.nimal. The
increase in the concentration of tracer gas in the front
section of the barges (first 25 feet) is an indication of
very little air flcw in this area of the barge. There is
strong evidence to show, from the examination of data from
over 600 barges in the data bank, that self-heating usually
starts in the front section of the barge. The fact that the
tracer gas accumulates in the front section of the barge
where the self-heating starts is a very important
observation indicating that
a. Self-heating in barges is more likely to begin where
there is enough air for the start of the slow
oxidation of the coal, but not enough air to remove
the heat produced by this oxidation.
b. Uneven air flow throughout the barges is probably
the condition which initiates the self-heating.
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This problem may be minimized by a sm3)1 modification of the
barges that would allow air to flow more evenly throughout
the barge.
The relative gas flow rates data (Table 4) strongly
suggest that diffuser loading and thorough compacting both
reduce the flow of air through the barges, and hence reduces
the chance of coal self-heating in the barges. Therefore,
both can serve as very good methods of minimizing self-
heating of coal in the barges.
4. Chemical Compositipn
Coals which were investigated during the barge trip
were from two different sources. Five of the barges were
loaded with coal from southern Indiana seams, and the
remaining ten barges were loaded with coal from western
Kentucky seams. Upon arrival at the unloading facility in
the New Orleans area the highest average temperature of the
five Indiana coal barges was 90°F, with none of the five
barges having a single reading above 105°F, in spite of the
fact that these barges were only lightly compacted with the
small dozer which left large voids in both ends of the
barge. In contrast, seven out of ten Kentucky coal barges
gave one or more temperature readings above 105°F. From
this comparison it was obvious that these two coals have a
much different susceptibility to self-heating. Therefore it
was worthwhile to compare the chemical and physical proper-
ties of the two coals as given in Table 5.
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TABLE 5
Comparison of the Means of the Characteristics of











Moisture (%) 14.16 13.43
Ash (%) 7.76 10.34
Volatile matter (%) 30.85 29.87 39.49 39.13
Fixed carbon (%) 47.23 46.35 60.45 60.72
Heating value (Btu/lb) 11445 10923 14650 14309
Carbon (%) 63.45 61.25 81.65 80.24
Hydrogen (%) 4.23 4.05 5.41 5.31
Nitrogen (%) 1.33 1.39 1.70 1.82
Sulfur (%) 1.62 1.76 2.07 2.31
Oxygen (%) 7.05 7.76 9.17 10.32
Pyritic sulfur (%) 1.23 1.13 1.57 1.48
Sulfate sulfur (%) 0.02 0.12 0.03 0.16
Organic sulfur (%) 0.35 0.50 0.45 0.66
H/C atom ratio (daf) 0.794 0.787 0.794 0.787
0/C atom ratio (daf) 0.082 0.095 0.082 0.095
Free swelling index 3.38 1.78 3.38 1.78
Hardgrove grindabilqy 39.0 44.1 39.0 44.1
Average barge temp (0F) 87 96 87 96
Maximum barge temp ( F) 95 114 95 114
Number of pgobe readings
above 105 F
0 8 0 8
* Data from five barges
** Data from ten barges
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A number of interesting conclusions can be made based
on the differences between these two types of coal. But it
should be kept in mind that these conclusions are based only
upon this barging study. The coals that are more sus-
ceptible to self-heating have a lower carbon and hydrogen
content, but higher nitrogen, sulfur, and oxygen content.
It is also interesting to note that the more susceptible
coals have a significantly higher sulfate sulfur content and
lower free-swelling index than the less susceptible coals.
These two characteristics, an increase in the sulfate sulfur
content and a decrease in the free-swelling index, are both
known as indicators of coal "weathering."
(17)
It has been
reported previously that weathering makes the coal more
susceptible to 
self-heating.(1E) 
However, it is not clearly
known whether the weathering of the western Kentucky coals
is due to the longer stockpile storage or due to the ability
of these particular coals to oxidize faster then the other
coals. (15)
It should also be pointed out at this time that there
is very good agreement between the data given in Table 5 and
that shown in Table 1. Table 1 contains data from a large
number of barges, some of which did undergo self-heating and
some which did not. The same trends are evident in both
tables.
C. Adiabatic _coal  _calorimeLry tudies 
The discussion of the various methods of measuring the
self-heating potential of coal, given in previous sections,
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4.
pointed out that in practice these methods have all
experienced limited success in predicting this self-heating
potential. The method that seemed to have experienced the
most success is the test using an adiabatic calorimeter to
follow the temperature rise in a sample of coal exposed to
an oxidizing atmosphere. The various groups that have
studied this method have relied on various predictors such
as rank, oxygen content, pyritic sulfur content, hardness,
etc., to verify the results of their tests and make
predictions about the self-heating potential of the various
coals tested. This is certainly a reasonable way of
explaining their experimental results. Few, if any, of
these investigators had documented evidence that the coals
they were studying did actually undergo self-heating during
mining, transportation, or storage. It is here that this
investigation has a tremendous advantage over these earlier
researchers.
At Western Kentucky University we have coals that did
undergo self-heating. These are the southern Indiana and
western Kentucky coals that were barged to the New Orleans
area and were under investigation by the research team in
the barging studies. In fact it was observed by the
investigators in these studies that some of these coals did
undergo self-heating during transit. We also have extensive
chemical analysis data on these coals. This data, along
with adiabatic calorimetry data could verify the various
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claims that adiabatic calorimetry is perhaps the best
laboratory method of assessing the self-heating potential of
coal.
As part of this project, we constructed an adiabatic
calorimeter to study the various coals that we have
collected and analyzed in this project. The construction of
the calorimeter, which will be described in the following
paragraph, was based on a calorimeter constructed at the
U.S. Bureau of Mines. Some modifications, such as the use
of microcomputers as central process/control units, and a
different method of preheating the coal were used.(3)
1. cziorimeter  Construction
The instrument is made of two distinguishable
parts: the oven and the controller. An old Varian Model
1700 gas chromatograph (gc) oven which was no longer in
working condition was used as an outside oven and adiabatic
air jacket for the calorimeter. Most of the original
controlling system of the gas chromatograph was removed or
disconnected. The main parts of the instrument which were
important and needed for the calorime,:er were the oven
cavity itself, the heating elements and the fan. An 18 cm
diameter and 12 cm height Dewar flask was then placed inside
the gc oven on a specially designed platform. Tubing for
introducing various gases into the Dewar vessel was
constructed from 50 feet of 1/8 inch diameter stainless
steel tubing. This tubing was coiled around the legs of the
89
platform inside the gc oven so that the gases would be
preheated to the temperature of the calorimeter before being
introduced into the Dewar flask. The sample basket with its
lid, both made of very fine mesh stainless steel screen and
capable of holding up to about 40 grams of coal, rests on an
aluminum grate placed in the bottom of the Dewar flask. The
gases are introduced into the Dewar flask via a fritted
filter which is placed under the metal grate. The reason
for using the fritted filter and aluminum grate together for
dispersing the gases is to make sure that there is an even
flow of gases up through the Dewar flask. To control the
atmosphere inside of the Dewar flask a thick piece of
asbestos was used for the lid. In addition to the stainless
steel tubing, used for bringing the gases into the Dewar
flask, two thermocouples, which were made of copper-
coi,stantan (type T), were inserted into the lid on the Dewar
flask. One of these thermocouples was inserted through the
lid of the sample basket and placed about one-half of the
way into the coal sample. This thermocouple monitors the
rise in temperature of the coal mass during the experiment.
The second thermocouple in the Dewar flask was placed level
with the first but outside of the sample basket and about
1/2 inch away from it. This thermocouple monitors the
temperature of the atmosphere in the Dewar flask. There is
a third thermocouple which is also made of copper-constantan
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4
and placed outside of the Dewar flask and constantly
monitors the jacket temperature cover, in the calorimeter.
The controlling system of the calorimeter can also be
divided into two parts, the gas control unit and the
temperature control unit. The gases are usually controlled
by the operator, meaning that the operator has to turn the
gas valves on or off for the appropriate gas to flow into
the calorimeter at different stages of the experiment. Two
gases are used in the calorimeter at the moment, dry
nitrogen and moist air. The nitrogen gas is used directly
from a tank of dry nitrogen gas. This gas is preheated to
the starting temperature while passing through the 50 feet
of stainless steel tubing in the oven before entering the
Dewar flask. The air, on the other hand, first is passed
through a water bottle which moistens the air and a solenoid
before entering the tubing and the oven. This solenoid,
which is controlled by the main power of the oven, is the
only computer controlled part of the gas control unit; it is
installed for safety reasons.
The temperature control unit of the calorimeter
consists of two microcomputers, an Omega WE-40 analog-t-
digital converter and a Commodore C-64 microcomputer, with a
1541 disk drive and a 1702 monitor. The Omega WE-40 analog-
to-digital converter is an interfacing microcomputer and can
be called the heart of the calorimeter. This microcomputer
links the oven and the temperature control system in two
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ways. Its first connection with the oven is through the
three TAG linearization units. The three copper-constantan
(type T) thermocouples which come out of the oven go into
these tnree TAG linearization units for amplification and
linearization of their signal. These three TAC
linearization units take the nonlinear signals from the
thermocouples, linearize and amplify them, then send them
into the WB-40. The second connection is through the oven's
power supply. The WB-40 has been connected to the oven's
power supply in two ways. It is connected directly to the
oven's main power supply. Through this connection the WB-40
can turn the entire over, system, including the solenoid, on
or off. It is also connected to the oven's heating element.
It is through this connection that the WE-NO controls the
temperature inside the oven and the Dewar flask. This
microcomputer (WB-40) has two modes of operation, the
programming mode and command mode. Tn the programming mode
the WB-40 can be programmed in BASIC like most other
microcomputers. In the command mode the WB-40 will receive
and execute commands sent to it by a host computer. This
second mode is the mode we are using to control the
calorimeter through the Commodore C-64 microcomputer as a
host computer.
As discussed above, one of the three thermocouples
constantly monitors the jacket temperature in the
calorimeter. The other two thermocouples are inserted into
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the Dewar flask where the coal sample is being tested in
order to monitor the rise in temperature of the coal mass.
One of the two thermocouples inserted into the Dewar flask
is balanced against the thermocouple in the jacket of the
calorimeter to insure that the oven jacket temperature keeps
up with the rise in temperature of the coal sample during
the experiment. The second thermocouple inserted into the
Dewar flask at the center of the coal sample in the sample
basket is used to record the actual temperature of the coal
sample on a recorder or printer, and to provide a means for
shutting the calorimeter off when the temperature of the
coal exceeds the preset maximum temperature. The instrument
has a temperature precision of about +/-1°C and a tempera-
ture accuracy of +/-2°C.
Gary Scott Yates assisted in the construction of the
calorimeter and wrote the computer programs for control of
the calorimeter and handling the data collected.(19)
2. aeration of the Calorimeter 
The calorimeter was constructed so that two
important properties of the coals could be measured: the
length of th,: time required for a coal to self-heat from a
fixed initial starting temperature to the point of
spontaneous combustion, which we refer to as a 'normal' run,
and the Initial Heating Temperature of the coal. To carry
out a normal analysis with this calorimeter, the operator--
after turning on the Commodore C-64 microcomputer, the disk
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drive, and the monitor--should load and execute a program
which was specially written for the operation of the
calorimeter. This program will then instruct the operatcr
through the operation of the instrument and analysis of the
sample. The following steps should be taken when the
program asks the operatcr to load the sample.
a. Weigh about 15 grams of coal sample into the clean,
dry sample basket.
b. Very gently clean inside the Dewar flask for any
coal dust from previous analyses.
c. Place the sample basket at the center of the
aluminum grate inside the Dewar flask.
d. Place the temperature recording thermocouple and the
sample basket's lid in their positions carefully.
e. The second thermocouple inside the Dewar flask needs
to be positioned about 1/2 inch away from the side
of sample basket and at the same level with the
temperature recording thermocouple.
f. Place the lid on the Dewar flask, and take special
care to insure everything is in place.
g. Make sure the third thermocouple is in place. It
should be half-way between the outside wall of the
Dewar flask and the outside wall of the oven, and
half-way between floor and top door of the oven.
h. Close the door of the oven very carefully.
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Approximately 1C minutes after the sample is preheated and
reaches the starting temperature (usually 95°C), an alarm is
sounded and the operator is instructed to change from dry
nitrogen gas to moist air for the coal oxidation. After
this point all time and temperature data is recorded on disk
for later use. The program terminates the analysis of the
sample and shuts down the calorimeter if one of two preset
conditions is met: (1) the coal reaches the maximum final
temperature, which has been set for safety reasons, and (2)
the maximum time of the analysis, which is usually set for
about 2 1/2 days, is reached. The samples which have been
analyzed so far have reached the maximum final temperature
well before maximum run time.
The calorimeter can also be used to find the Initial
Heating Temperature (INT) of the coal sample. The IHT is
the temperature at which the coal begins to heat spon-
taneously and release a measurable amount of heat. This is
done by preheating the coal sample to a low starting
temperature and holding it at that temperature for one hour.
If the coal sample begins to heat at this holding
temperature this would be its IHT. But, if the coal sample
did not heat during this period the holding temperature will
be raised by 5°C, and the coal sample will be held at this
new temperature for one hour. This process is continued
until the IHT for the coal sample is found. At that point
the program can shut off the instrument or continue
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analyzing the sample as a normal run, depending on the
analysis mode chosen by the operator.
3. Dala Handling ancl_22,5u11,a
The analysis data collected in the calorimeter runs
are recorded on a floppy disk. To view these data a second
program was written. This program reads the analysis data
from the disk and plots these data as time versus
temperature. It can use the data for three different types
of plot: Comparison plot, Best fit plot, and Multiple plot.
The temperature function is plotted, in degree Celsius, on
the horizontal axis (x-axis) by the program and is scaled
from the starting temperature to the maximum temperature for
all three plots. Or the other hand the time function, which
is plotted on the vertical axis (y-axis) by the program, has
a different scale for each one of the three plots mentioned.
In the Comparison plot the time axis is scaled from elapsed
time zero to the maximum run time for the analysis. The
time axis in the Best fit plot is scaled from elapsed time
zero to the time in which the analysis was terminated, as
shown in Figure 6. These plots greatly expand the y-axis,
thus more detailed data can be read from them. In the Best
fit plot the program also calculates and draws a line at a
point which is known as the Inflection Point (I/F) of the
plot. This inflection point is arbitrarily chosen by the
investigators as the point at which the coal begins to heat
at a rate of 1°C per minute and is a measure of the relative


































































































reactivity of the coal. In the Multiple plot the time axis
is scaled the same as in a Comparison plot. In this type of
plot it is very easy to visually compare several analyses.
The calorimeter was used for the analysis of the 15
coal samples collected in the barging study. The Best fit
plots for two of the 15 coals can be seen in Figures 6 and
7. A Multiple plot of the same two coals can also be seen
in Figure 8. The analysis data from the calorimeter, the
inflection point calculated in the Best fit plot, and some
of the data from barging study for all of the 15 coals is
given in Table 6.
A close look at the two Best fit plots given in Figures
b and 7 reveals an interesting point. There is an initial
rapid rise in temperature of about 4-5°C within the first
10-12 minutes of the run as shown in both plots. This
initial rise in temperature can be seen in all of the
calorimeter runs and is assumed to be due to the heat of
wetting of the dry coal samples. After this temperature
rise the rate of temperature change falls to a very uniform
rise, which for the bituminous coals is about 3-6°C per
hour. This uniform rise in temperature continues until a
temperature of about 140-1500C is reached. At this point
the coal begins to heat very rapidly, exceeding 10C per
minute, until the maximum run temperature set for the run is
reached. At this time, as mentioned earlier, the entire
calorimeter, including air flow, is automatically shut off.
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1 194 105 133 23
2 136 102 126 25
3 161 92 115 1
4 146 86 94 0
5 128 87 95 0
6 1 10 88 95 0
7 180 91 104 0
8 91 102 0
9 1 5 8 97 112 11
10 160 97 111 12
11 157 95 111 3
12 168 97 119 9
13 1 7 3 90 102 0
14 1 3 1 86 93 0
15 90 97 0
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The data in Table 6 points out the interesting fact
that the data obtained using the adiabatic calorimeter can
be used as very good support for predicting a coal's
susceptibility to self-heat. As one can clearly see, the
coals which experienced heating during the barging study in
general have a longer inflection points (IF), or lower
relative reactivity, than the coals which did not undergo
self-heating. The lower relative reactivity of the coals
which exhibited heating during the barging study is an
indication that these coals had oxidized surfaces or had
undergone weathering before they were loaded into the
barges. This weathering could be due either to longer
periods of stockpiling before the barges were loaded or to
the inherent tendency of these coals to weather quicker once
they are mined. This same trend was noted in the chemical
composition of these coals that was discussed in earlier
sections.
A statistical analysis of the data in Table 6 yielded a
correlation coefficient of 0.651 between tne inflection
point and the average barge temperature. A correlation
coefficient of 0.705 was obtained for the comparison of the
inflection point and the highest temperature reading in the
barge. Both of these values indicate there is a strong
correlation between the data obtained with the adiabatic




The self-heating of coal problem has been around for
decades and will oe around as long as there is a demand for
coal. In this work a number of factors affecting and
influencing the self-heating of coal were reviewed. Some of
these factors such as reactivity (oxidation), rank and
moisture content are considered to be the most important and
were discussed in more detail. In addition, a number of the
methods used for detecting and monitoring self-heating that
have been used over the years by the people in the coal
industry were discussed. The results of a coal self-heating
study conducted at Western Kentucky University were
presented and discussed. This study was based mainly on the
self-heating of coal problems that arise during barging.
Several new experiments that are not normally the type found
in conventional chemistry laboratories were conducted.
These included field studies on barges and establishment of
a data bank containing information on a large number of
barges of coal. Characteristics of coals which exhibited
self-heating were examined and summarized.
The information from the data bank and from the field
study can be used to make certain statements about some of
the causes of self-heating in coal and what can be done to
minimize it. In particular these would be
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1. Any coal which has started to heat before loading
will continue to heat, even if blended with coal
which is not hot.
2. The method used for loading a coal barge is very
important. Coals loaded using the regular (point
source) loading method do not have uniform air f7ow
through the barge and are therefore more
susceptible to self-heat. On the other hand, the
diffuser loading method leads to a more uniform air
flow, and hence reduces the coal's susceptibility
to self-heat.
3. The method of compacting the coal in a barge is also
very important.
4. There is a direct relation between coal's
susceptibility to self-heating and its degree of
oxidation (weathering).
5. The coals exhibiting the greatest tendency to self-
heat have lower hydrogen content, lower free-
swelling index, higher sulfate sulfur content, and
slightly lower neating values.
6. The weather conditions (i.e. precipitation,
humidity, etc.) can also be a likely contributor to
self-heating, as well as the time of the year.
Coal undergoes oxidation and self-heating more
readily in the warmer months.
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The information from the data bank and from the field
study can also be used to verify laboratory data collected
with the adiabatic calorimeter. There is very good
agreement between the results obtained with this calorimeter
and the results of studies on hundreds of barges, some of
which exhibited self-heating. Data obtained with the
calorimeter can be used to predict which coals are more
likely to undergo self-heating during barging.
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